Mitochondria are the primary site of skeletal muscle fuel metabolism and ATP production. Although insulin is a major regulator of fuel metabolism, its effect on mitochondrial ATP production is not known. Here we report increases in vastus lateralis muscle mitochondrial ATP production capacity (32-42%) in healthy humans (P < 0.01) i.v. infused with insulin (1.5 milliunits͞kg of fat-free mass per min) while clamping glucose, amino acids, glucagon, and growth hormone. Increased ATP production occurred in association with increased mRNA levels from both mitochondrial (NADH dehydrogenase subunit IV) and nuclear [cytochrome c oxidase (COX) subunit IV] genes (164 -180%) encoding mitochondrial proteins (P < 0.05). In addition, muscle mitochondrial protein synthesis, and COX and citrate synthase enzyme activities were increased by insulin (P < 0.05). Further studies demonstrated no effect of low to high insulin levels on muscle mitochondrial ATP production for people with type 2 diabetes mellitus, whereas matched nondiabetic controls increased 16 -26% (P < 0.02) when four different substrate combinations were used. In conclusion, insulin stimulates mitochondrial oxidative phosphorylation in skeletal muscle along with synthesis of gene transcripts and mitochondrial protein in human subjects. Skeletal muscle of type 2 diabetic patients has a reduced capacity to increase ATP production with high insulin levels.
I
nsulin is the key postprandial hormone involved in fuel metabolism (1) . Mitochondria are the major functional components of cellular fuel oxidation and ATP production (2) . However, the effect of insulin on skeletal muscle mitochondrial function and oxidative capacity have not been defined. Previous studies have suggested a relationship between insulin action and the oxidative capacity of skeletal muscle (3) (4) (5) (6) (7) (8) (9) (10) . For example, the ratio between oxidative and glycolytic enzyme activities is decreased in skeletal muscle from type 2 diabetic subjects compared with nondiabetic subjects (6) . A recent report by Boirie et al. (11) on miniature swine has also demonstrated that insulin infusion preferentially stimulates the fractional synthesis rate (FSR) of skeletal muscle mitochondrial proteins. In contrast, 2 wk of insulin treatment did not stimulate muscle mitochondrial protein synthesis and cytochrome c oxidase (COX) activity in people with type 2 diabetes mellitus (DM) (12) . Skeletal muscle insulin resistance in people with type 2 DM is associated with a reduced proportion of fatigue resistant slowoxidative (type I) muscle fibers compared with fatigable fastglycolytic muscle fibers (type II) (7, 8) .
Mitochondrial ATP production depends on many factors, including the availability of enzyme complexes, ADP, and fuel oxidation. Enzymes constitute major components of the mitochondrial protein complex, and protein synthesis depends on well coordinated transcriptional regulation of both nuclear and mitochondrial genes (13) . The current study tested the hypothesis that insulin enhances skeletal muscle capacity for mitochondrial ATP production. Therefore, we examined healthy subjects during 8 h of euglycemic i.v. insulin to high physiological levels comparable to peak postprandial concentrations. Mitochondrial ATP production, protein synthesis, and mRNA transcripts encoding key mitochondrial proteins from both the nuclear and mitochondrial genomes were measured from vastus lateralis muscle biopsy samples to define underlying mechanisms. After demonstrating the effects of sustained high physiological insulin on muscle mitochondrial function, the study was extended to men and women with type 2 DM to determine whether the enhancement of ATP production by insulin is reduced compared with non-DM matched controls.
Materials and Methods
Subjects. All studies were performed at the Mayo Medical Center General Clinical Research Center. Initial studies involved healthy human volunteers. These individuals were physically active, being involved in moderate-intensity activities (e.g., daily walking), but none were highly trained, participating infrequently (Ͻ60 min͞wk) in higher-intensity exercise or recreation (e.g., running). Healthy subject characteristics are shown in Table 1 . These volunteers were without personal or family history (first-degree relative) of DM. Subjects with type 2 DM and matched controls without DM or a family history of DM were recruited for additional studies as described below. Fat mass and fat-free mass (FFM) were measured by using dual x-ray absorptiometry (Lunar DPX-IQ, Madison, WI).
Materials. L- [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]Leucine (99 mol % enriched) was purchased from Isotec (Miamisburg, OH) and Mass Trace (Woburn, MA). The isotopic and chemical purity were checked by gas chromatography͞MS. Tracer solutions were tested for sterility and pyrogenicity and were prepared in sterile water. Humulin R insulin (Lilly, Indianapolis) was used for insulin-glucose clamps. Human growth hormone (GH) was obtained from Genentech (South San Francisco, CA), glucagon was from Lilly Research Laboratories, and somatostatin was from Bachem (Torrance, CA). A crystalline amino acid solution of 10% Travasol was obtained from Baxter Healthcare (Deerfield, IL).
Study Protocol. The protocol was approved by the Mayo Clinic Institutional Review Board. Six subjects (three male and three female) participated with informed consent on two occasions in a randomized, placebo-controlled, cross-over design. They were admitted to the Mayo Medical Center General Clinical Research Center (GCRC) at 1700 hours on two separate occasions. Female participants were studied in the luteal phase of their menstrual cycle. On each admission, subjects ingested a standard meal at 1800 hours and snack at 2200 hours. Thereafter, they remained fasting until the end of the inpatient period. All subjects were on a standard weight-maintaining diet (carbohydrate͞protein͞fat, 55:15:30% by Abbreviations: FSR, fractional synthesis rate; DM, diabetes mellitus; COX, cytochrome c oxidase; ND IV, NADH dehydrogenase subunit IV; GH, growth hormone; FFM, fat-free mass; mU, milliunit; PM, pyruvate plus malate; GM, glutamate plus malate; PCM, palmitoyl-Lcarnitine plus malate; SR, succinate plus rotenone; PPKM, pyruvate plus palmitoyl-Lcarnitine plus ␣-ketoglutarate plus malate; TA, N,N,NЈ,NЈ-tetramethyl-p-phenylenediamine plus ascorbate.
*To whom correspondence should be addressed. E-mail: nair.sree@mayo.edu. calories) provided from the Mayo Medical Center GCRC for 3 consecutive days before each inpatient study period. At 0400 hours of each inpatient period, a priming dose of L-[1,2- C]leucine (1.8 mg͞kg of FFM per h). Insulin [1.5 milliunits (mU)͞kg of FFM per min] or normal saline infusion was randomized and began at 0700 hours. During the insulin infusion, somatostatin (7 g͞kg of FFM per h) was infused to suppress endogenous insulin production, and glucagon (1 ng͞kg of FFM per min), and GH (5 ng͞kg of FFM per min) were replaced. In addition, a standard amino acid solution (10% Travasol) was infused (0.6 mol of leucine per kg of FFM per min) to maintain leucine concentrations near fasting levels during insulin infusion (14, 15) . Arterialized blood glucose was measured every 10 min with a Beckman glucose analyzer (Fullerton, CA). Glucose (40% solution) infusion rate was adjusted to maintain euglycemia during high physiological insulin.
Another group of six healthy subjects (Table 1) was tested identically except under conditions of low-dose insulin infusion (0.15 mU͞kg of FFM per min). Somatostatin, glucagon, GH, and amino acid tracer infusion rates were identical to above. Amino acid (10% Travasol) replacement was not required to maintain leucine concentrations.
Patients with Type 2 DM. Studies were extended to patients with type 2 DM (n ϭ 9; six female and three male) and control subjects (n ϭ 9) matched for age, sex, activity, body mass, and composition (Table  1) . Type 2 DM was verified by clinical history, fasting glucose, and oral glucose tolerance testing. Each volunteer was admitted to the Mayo Medical Center General Clinical Research Center on two occasions after standardized diets as described above. All oral hypoglycemic, insulin-sensitizing drugs and long-acting insulins were discontinued 10 days before admission. Each subject was studied under conditions of low-dose (0.25 mU͞kg of FFM per min) insulin and high-dose (1.5 mU͞kg of FFM per min) insulin infusion for 7 h (0600-1300 hours) on separate days. Somatostatin was infused and GH was replaced as above. Euglycemia was maintained by glucose (40% solution) infusion when necessary. Replacement amino acids were not infused.
Muscle Biopsies. Vastus lateralis muscle samples (Ϸ300 mg each) were obtained under local anesthesia (lidocaine, 2%), with a percutaneous needle as described (16) . Baseline samples from the healthy subjects were obtained before insulin or saline infusion at 0700 hours. Samples were also obtained after 4 h (1100 hours) and from the contralateral thigh at 8 h (1500 hours). Muscle samples were immediately frozen in liquid nitrogen and kept at Ϫ80°C. A 50-mg fresh muscle sample was used to measure mitochondrial ATP production. A fresh 50-mg sample of vastus lateralis muscle was also obtained from DM patients and matched control subjects after 7 h (1300 hours) of insulin to measure mitochondrial ATP production.
FSR of Muscle Proteins. Muscle biopsy samples were prepared for determining synthesis rates of muscle mitochondrial protein fractions as described (16) (17) (18) (19) . Isotopic enrichment of [ 13 C]leucine from the muscle fractions was measured by using modified gas chromatography͞on-line combustion͞isotope ratio MS as described (17) . Muscle tissue fluid leucine enrichment was also measured by using MS (20) .
The FSRs for mitochondrial protein fraction were calculated by using the following equation (16, 21) :
where E f and E i represent the enrichments as atom percent excess of 13 C derived from the combustion of muscle fraction leucine obtained from the 8-h and 4-h muscle biopsies, respectively. E p is the precursor pool (tissue fluid leucine) enrichment, and t represents the time between biopsies in hours.
RNA Isolation and cDNA Synthesis. Total RNA was extracted from skeletal muscle tissue (Ϸ20 mg) by the guanidinium method (TriReagent, Molecular Research Center, Cincinnati). Total RNA (1 g) was treated with DNase (Life Technologies, Gaithersburg, MD) and then reverse transcribed by using the TaqMan reverse transcription reagents (PE Biosystems, Foster City, CA) according to the manufacturer's instruction. Oligo(dT) primers were used.
Real-Time PCR. Primers and probes were selected by using the PRIMER EXPRESS software (PE Biosystems) and screened for mispriming of isoforms by using the OLIGO PRIMER ANALYSIS software version 5.0 (National Biosciences, Plymouth, MN). The internal probes and the 28S rRNA probe were constructed as described (16) . The internal probes were labeled at the 5Ј-ends with the reporter dye 6Ј-carboxyfluorescein and at the 3Ј-end with the quencher dye 6Ј-carboxytetramethylrhodamine and were phosphate-blocked at the 3Ј-end to prevent extension. The 28S rRNA probe 5Ј-end was labeled with a fluorescent dye (PE Biosystems). Taq DNA polymerase allows for the separation of the reporter from the quencher. The resulting fluorescence was measured at each cycle of amplification by the ABI sequence detection system (Perkin-Elmer ABI Prism 7700 RT-PCR).
The probes for the nucleus-encoded COX IV were designed to span an exon. Because the mitochondrial genome does not contain introns, the mitochondrion-encoded NADH dehydrogenase subunit IV (ND IV) and COX III reverse primers were designed to target several final nucleotides specific to the target gene, including Values are means Ϯ SD. There were no statistically significant differences between the subjects receiving the high physiological or low-dose insulin infusions (P Ͼ 0.05). There were no significant differences between patients with type 2 DM and matched control subjects (P Ͼ 0.05). BMI, body mass index. Enzyme specific activities are presented in terms of g of wet weight. a poly(A) ϩ tail string present only in the RNA. The following primer and probe sequences were used for COX III, COX IV, and ND IV. COX III (GenBank accession no. NC001807) forward primer: CGCCTGATACTGGCATTTTGT; reverse primer: TTTTTTTTTTTTTTTTTTTTTTTTTAAGACC; and probe TGGTTTGACTATTTCTGTATGTCTCCATCTATTG. COX IV (GenBank accession no. XM 008055) forward primer: CCTC-CTGGAGCAGCCTCTC; reverse primer: TCAGCA-AAGCTCTCCTTGAACTT; and probe TGCGATACAACTC-GACTTTCTCATCCAT. ND IV (GenBank accession no. NC001807) forward primer: CCCCATTCTCCTCCTATCCC; reverse primer: TTTTTTTTTTTTTTTTTTTTTTTTTTAA-GAG; and probe CAACCCCGACATCATTACCGGGT.
The signal for the 28S rRNA was used to normalize against differences in RNA isolation and RNA degradation and in the efficiencies of the reverse transcription and PCRs. The final quantitation was achieved with a relative standard curve (16) .
Hormones and Substrates. Plasma concentration of insulin was measured by using a two-site immunoenzymatic assay, and plasma glucagon levels were measured by a direct double-antibody RIA (Linco Research Immunoassay, St. Charles, MO). Human GH was measured with a two-site immunoenzymatic assay performed on the Access automated immunoassay system (Beckman Instruments, Chaska, MN).
Plasma levels of amino acids were measured by an HPLC system (HP 1090, 1046 fluorescence detector and cooling system) with precolumn o-phthalaldehyde derivatization (22). Glucose was analyzed on site by an analyzer by using an enzymatic technique (Beckman Instruments).
Mitochondrial ATP Production. A 50-mg portion of each muscle sample was kept fresh on ice in saline-soaked gauze for mitochondrial studies. Rapid separation of mitochondria by differential centrifugation was performed as described (23, 24) . Aliquots of the final mitochondrial suspension were used for measuring mitochondrial ATP production rate with a bioluminescent technique (23, 24) . Mitochondrial integrity was monitored by measuring citrate synthase activity before and after freeze-thaw membrane disruption and Triton X-100 addition. Accordingly, mitochondria were 94 Ϯ 1% intact with no differences between treatments. Muscle homogenate COX and citrate synthase enzyme activities were measured by using standard spectrophotometric techniques (16, 18) .
Statistics. Multivariate repeated-measures ANOVA was used to detect differences between saline and insulin conditions when multiple measurements were compared. When a difference was observed, Duncan's multiple-range post hoc test was used. When single measurements between saline and high insulin conditions or between high and low insulin conditions were compared, paired two-tailed t tests were used. When single measurements between groups (low insulin vs. saline or high insulin, or DM vs. control) were compared, nonpaired two-tailed t tests were used. Statistical significance was set at P Ͻ 0.05.
Results
Insulin and Substrates. Subjects were studied during 8 h of insulin and saline infusion (Fig. 1A) . During high-dose insulin infusion plasma insulin concentrations (395 Ϯ 12 pmol͞liter; mean Ϯ SD) were Ϸ17-fold higher than during the saline infusion (23 Ϯ 6 pmol͞liter). In addition, plasma insulin concentrations (39 Ϯ 3 pmol͞liter) were higher in the subjects infused with low-dose insulin than in those infused with saline (P Ͻ 0.01). During high-dose insulin infusion plasma glucose was clamped to 5.0 Ϯ 0.2 mmol͞liter (mean Ϯ SD), which was slightly higher than the mean glucose concentrations measured during the saline infusion 4.7 Ϯ 0.1 mmol͞liter (P Ͻ 0.01). Furthermore, low-dose insulin infusion was not adequate to maintain euglycemia, with plasma glucose rising to a peak value of 8.6 Ϯ 0.7 mmol͞liter at 3 h of infusion before decreasing to near baseline levels by 8 h (Fig. 1B) . No attempts were made to reduce the glucose levels because our objective was to determine the effect of insulin. Moreover, these relatively high glucose levels provided an opportunity to determine whether elevated glucose per se had an effect on the outcome measures in this study. To prevent insulin-induced suppression of circulating amino acids, a standard amino acid replacement solution (10% Travasol) was infused during the high insulin conditions to maintain leucine concentrations near fasting levels. Consequently, there was no difference in plasma leucine levels between the high insulin and saline infusion conditions (Fig. 1C) . However, with low-dose insulin infusion plasma leucine values were higher than with high-dose insulin and saline infusions (P Ͻ 0.01).
Skeletal Muscle Oxidative Capacity. The vastus lateralis muscle citrate synthase activity increased 28% (P Ͻ 0.01) after 8 h of high-dose insulin infusion, whereas no change was observed during saline or low-dose insulin (Fig. 2) . The citrate synthase activity did not increase after 4 h of high-dose insulin. Likewise (Fig. 2) , COX activity increased 29% (P Ͻ 0.01) after 8 h of high-dose insulin infusion compared with no change during the saline and low-dose insulin conditions. The changes in COX activity at 4 h of either low-or high-dose insulin infusion were not different from those during saline conditions.
Vastus lateralis muscle mitochondrial ATP production rates after 8 h of high-dose insulin infusion were increased 32-42% above baseline (P Ͻ 0.01). There was no increase observed during saline or low-dose insulin infusions regardless of the substrate used (Fig.  3) . In addition, increases in ATP production observed after 4 h of high-dose insulin infusion (10-16%) were different from changes observed during saline infusion with TA, GM, and PCM substrate combinations and differed from changes observed during low-dose insulin infusion with TA, PM, GM, and PCM combinations (Fig. 3) . Changes in mitochondrial ATP production rates during low-dose insulin or saline infusion after 4 or 8 h ranged from Ϫ10% to ϩ6% (P Ͼ 0.05; Fig. 3 ).
Protein FSRs. Fig. 4 shows that the FSR of mitochondrial proteins was increased between 4 and 8 h of high-dose insulin infusion compared with saline infusion (20%) measured in the same subjects (P Ͻ 0.05). All six subjects showed an increase, although the increase was modest in two of the six. In addition, high-dose insulin infusion resulted in a higher mitochondrial protein FSR (57%) compared with a similar group of subjects during low-dose insulin infusion (Fig. 4) . Fig. 4 FSR values use tissue fluid leucine as the precursor pool; however, similar changes were observed by using plasma ␣-ketoisocaproic acid or plasma leucine (data not shown).
mRNA Transcript Levels. Fig. 5 shows that ND IV and COX IV mRNA transcript levels normalized for 28S rRNA were increased (164-180%) from baseline (time 0 h) after 8 h of high-dose insulin infusion compared with changes during saline infusion (from Ϫ19% to ϩ4%). The increase in COX III mRNA (61%) above baseline was short of statistical significance (P Ͻ 0.08) compared with the saline condition. ND IV, COX III, and COX IV mRNA transcripts did not change after 4 h of high-dose insulin infusion, or after 4 or 8 h of low-dose insulin infusion.
Type 2 DM Effects on Mitochondrial ATP Production. Fig. 6A shows the percentage changes in vastus lateralis mitochondrial ATP production from low-dose to high-dose insulin in type 2 DM patients and non-DM controls. Mitochondrial ATP production was increased from low-dose to high-dose insulin infusion in non-DM controls when GM, PPKM, ␣-ketoglutarate, and PCM were used as substrates (P Ͻ 0.02). Mitochondrial ATP production did not change in type 2 DM patients with these substrates. Neither group showed an increase when PM and SR were used as substrates. There were no differences in low-or high-dose insulin levels between type 2 DM patients and non-DM control subjects (Fig. 6B ).
Discussion
The current study demonstrates that insulin infusion increases the mitochondrial capacity for oxidative phosphorylation in skeletal muscle. This study also demonstrates in human muscle that mitochondrial protein synthesis is increased by insulin infusion. This increased mitochondrial protein synthesis was associated with increased activities of mitochondrial oxidative enzymes: citrate synthase and COX. In addition, these changes occurred in association with an increase in the muscle transcript levels encoding mitochondrial proteins. Collectively, these findings advance an emerging paradigm that establishes insulin not only as the predominant postprandial anabolic hormone but also as an important regulator of skeletal muscle mitochondrial oxidative phosphorylation. Extending the investigation to type 2 DM patients showed that insulin did not increase muscle mitochondrial ATP production, unlike the significant increase observed in matched control subjects.
Evidence linking insulin action and skeletal muscle oxidative capacity has been previously described but inconclusive. For example, insulin-responsive glucose transporter proteins (GLUT-4) and oxidative enzyme activities increase in parallel with exercise training in rat (25, 26) and human (27) skeletal muscle. In addition, direct analysis of human skeletal muscle by using immunohistochemistry and stereologic techniques show that type I fibers, which by definition have relatively high oxidative enzyme capacities and are fatigue resistant, have more GLUT-4 transporters than do type II fibers (28) . Furthermore, insulin-resistant muscles from type 2 DM patients have lower percentages of type I fibers and lower density of GLUT-4 protein in type I fibers (29) . Moreover, increased capillaries around all muscle fibers, especially type 2 fibers, are reported to predict progression to DM in people with impaired glucose tolerance (30) . Lower oxidative capacities, as measured by enzyme activities (6, 10, 31) and rates of fatty acid oxidation (32) have been observed in insulin-resistant skeletal muscle. Expression of mRNA transcripts encoding mitochondrial proteins has also been predictive of skeletal muscle insulin sensitivity. Huang et al. (33) found decreased levels of ND subunit I mRNA expression in muscle from patients with type 2 DM compared with control subjects. In this study (33) , ND subunit I mRNA expression was significantly correlated to insulin sensitivity. In contrast, Antonetti et al. (34) demonstrated increases in COX subunit I, COX subunit III, and ND IV mRNA expression in muscle from type 2 DM patients. However, it is unclear whether the muscle specimens obtained from amputated limbs in that study (34) were from patients under suboptimal glucose control and͞or with peripheral vascular disease. Recent studies performed in people with type 2 DM demonstrated that 2 wk of insulin treatment did not stimulate COX activity and mitochondrial protein synthesis (12) .
The increases in mitochondrial function observed during insulin infusion in the current study could be due to increases in mitochondrial protein and therefore an increase in effective ATPproducing protein units. Alternatively, existing mitochondrial proteins could become more efficient in producing ATP per unit of mitochondrial protein, or both. It is well recognized that increased availability of mitochondrial protein is associated with increased respiration (13, 35) . By increasing mitochondrial protein synthesis and possibly decreasing protein breakdown (36) (37) (38) , insulin may increase mitochondrial protein content and could thus enhance mitochondrial respiration. Previous studies have meticulously revealed many of the subcellular mechanisms by which insulin stimulates muscle protein synthesis, most involving the up-regulation of translational steps (39, 40) . However, Boirie et al. (11) showed that this up-regulation may not be a global effect on all proteins, but that specific protein pools (i.e., mitochondrial proteins) may be targeted. It may be that specific proteins having greater numbers of mRNA Insulin concentrations sustained during 7 h of insulin infusion (mean Ϯ SD). * , Significant difference between the low-dose and high-dose insulin conditions (P Ͻ 0.02).
transcript messages available for translation would be favored in such a scenario. Presumably, increases in mitochondrial function would depend on all mitochondrial protein components being in sufficient supply. In the present study, we observed increases in transcript levels for key mitochondrial enzymes encoded by both the mitochondrial genome (ND IV) and the nuclear genome (COX IV). The present study confirms that mitochondrial protein synthesis is increased in the presence of insulin by Ϸ20-25%.
Increased activity or efficiency of existing tricarboxylic acid cycle and oxidative phosphorylation components could also increase ATP production. In the present study, we find increases in citrate synthase and COX activities in skeletal muscle after high physiological insulin. Because these enzymes are measured in excess reagents, it is assumed that the increase in maximal reaction velocity is not affected by substrate kinetics. However, allosteric activators or inhibitors could remain in effect under these conditions. Modulators of COX have been identified and are thought to be an important regulatory mechanism of this enzyme complex (41, 42) . In addition, evidence that acute exercise increases skeletal muscle citrate synthase activity well before mRNA transcription and protein synthesis increases has been reported (43, 44) . Skeletal muscle citrate synthase activity did not increase after 5 h of insulin infusion in one study (45) , which is consistent with the current results showing no significant insulin effect on enzyme activity after 4 h. Nevertheless, changes in allosteric activators or inhibitors of these oxidative enzymes must be considered.
The high circulating insulin concentrations attained during highdose infusion are similar to those observed postprandially, except of course that the elevation is extended and unchanged for 8 h. Similar insulin levels also occur in people with type 2 DM on insulin treatment (46) . It is unknown whether pathways leading to increased muscle oxidative capacity would be stimulated between 4 and 8 h after a shorter or lesser exposure to insulin. Similarly, the persistence of the changes evoked in the current study are unknown. It also remains possible that increases in substrate flux and oxidation rather than direct insulin effects per se may have signaled skeletal muscle cells to up-regulate genes favoring oxidative metabolism. Changes in levels of free fatty acids and other secondary events that occur after insulin administration may also affect the mitochondrial functions.
In conclusion, the current data indicate that the expression of mRNA transcripts encoding key mitochondrial proteins from both the nuclear (COX IV) and mitochondrial (ND IV) genomes in human skeletal muscle is enhanced by high physiological insulin sustained for 8 h. In addition, insulin stimulated skeletal muscle mitochondrial protein synthesis and oxidative capacity, as measured by enzyme activities and mitochondrial ATP production rate. The largest increase in ATP production capacity after 8 h of high physiological insulin was associated with a period of at least 4 h of increased mitochondrial protein synthesis. Finally, the studies performed in type 2 DM patients demonstrate a diminished stimulation of muscle mitochondrial ATP production by insulin. This observation has potential implications in the pathogenesis of type 2 DM.
